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Conﬁnement of Capillary Instabilities
4.1 Introduction
Liquids in a conﬁned geometry behave diﬀerently from those in large volumes. This is
due to the dominance of the liquids surface and interfacial tension over other body and
surface forces at length scales below the capillary length. The capillary length (see
Chapter 2) is the length scale at which a balance exists between the surface energy
γ and the gravitational acceleration g of a liquid. In the capillary regime, liquid
morphologies are dominated by a minimization of the overall surface free energy. As
described in Chapter 2, minimization of the surface free energy leads to wetting of
surfaces, capillary rise of a liquid in a narrow tube and the absorption of water by
plants and in granular materials, such as sand.
A second aspect where the conﬁnement of a liquid plays a role concerns the sta-
bility of thin ﬁlms. While planar liquid ﬁlms are intrinsically stable, they can for
instance be destabilized by a van der Waals pressure. In the process of ﬁlm desta-
bilization, the driving force couples to the spectrum of capillary waves and a single
capillary mode with a well-deﬁned wavelength develops.
In this chapter, instabilities in thin polymer blend ﬁlms in an unconﬁned (free
polymer/air interface) as well as in a conﬁned geometry (by second silicon wafer
mounted on top) are described. Blends of polystyrene and poly(vinyl methyl ether)
were chosen because ﬁlms of these blends destabilize and retract from a solid surface
in a short time span. The polymer is accumulated in droplets on the silicon surface. In
contrast, pure PS and PVME ﬁlms (of comparable molecular weights) are metastable
on silicon and take much longer to break-up by the heterogeneous nucleation of holes.
Upon ﬁlm destabilization, the blend ﬁlms withdrew from the substrate, much like
the dewetting process described in Chapter 2, and the resulting morphology was
investigated.
4.2 Film Destabilization
The morphology of an unconﬁned 2:5 PS/PVME blend ﬁlm upon heating to 170◦C,
is shown in Fig.[4.1]. In a-f), the ﬁlm destabilized and formed droplets of several
hundred nm high (multiple interference fringes) with a lateral size of ≈ 25 − 50µm.
The evolution of ﬁlm destabilization appears to be consistent with the dewetting
morphology that was reported for homopolymers and another blend system (deuter-
ated oligomeric styrene and oligomeric ethylene-propylene)22. In b), an initially ﬂat
100 nm ﬁlm (a), developed ﬁlm thickness ﬂuctuations. In addition to this spontaneous
process, in c), ﬁlm rupture by heterogeneous nucleation is visible. In d), the surface
roughness increased dramatically within a time frame of 3 minutes. In e), droplets
have formed on a residual polymer ﬁlm with an estimated thickness of 50 nm. In f),
all of the polymer material had accumulated in large droplets on the silicon substrate.
Comparing d) and f) in Fig.[4.1], not only the height of the surface structures has






Figure 4.1: Optical microscopy images of a 2:5 PS:PVME blend annealed at 170 ◦C.
In addition to a spontaneously occurring dewetting instability, dewetting by hetero-
geneous nucleation is also visible. Images were taken at a) t = 30 sec b) t = 7min c)
t = 18 min d) t = 21min e) t = 37min f) t = 37min after the sample was placed on
a preheated heating plate.
friction on the residual polymer layer and are able to move in lateral direction and
accumulate more material. As long as this ﬁlm is not ruptured, it allows neighboring
droplets to interact and merge. When in proximity of a neighboring droplet with a
larger volume, a process analogous to Ostwald ripening sets in. Ostwald ripening is
the preferential growth of crystals at the expense of smaller adjacent crystals. Here,
the analogy is found in the incorporation of a smaller droplet into a larger droplet,
driven by the capillary pressure diﬀerence of the two drops. As was recently shown for
colloidal liquid droplets1, it is expected that capillary waves at the liquid/air interface
of merging droplets engender the coarsening process.
4.3 PVME and PS/PVME blends
The instability that led to ﬁlm destabilization in Fig.[4.1] is caused by an interplay
of instabilities. Polymer blends are known for their complex behavior, which de-
pends on the compatibility of the components, as well as their molecular weights,
polydispersities and surface tensions. Polymer blends have diﬀerent properties as
compared to the individual homopolymers. The interactions of the polymers in the
blend have a remarkable inﬂuence on the stability and the observed morphology upon
ﬁlm destabilization. In temperature or composition regimes where the blend compo-
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nents are immiscible, macrophase separation occurs. Upon macrophase separation,
each component is accumulated in a volume fraction that is rich with that component.
PS/PVME exhibits a low critical solution temperature (LCST, see Fig.[4.2]). Blends
of these polymers are miscible at temperatures below the LCST, but phase separate
above the LCST (for most compositions, see Fig.[4.2]). The exact value of the LCST
depends on the blend composition, the molecular weight, polydispersity of the com-
ponents and their interactions. For a PS/PVME blend of 110 kg/mol and 52.8 kg/mol
for PS and PVME, respectively, the LCST temperature of a blend with a 2:5 blend
composition was reported between 85– 90 ◦C18 and 110 ◦C9. In the experiments here,
the ﬁlms are annealed well above the LCST, at 170 ◦C.
For the experiments described in this Chapter, polystyrene and poly(vinyl methyl
ether) were used. Polystyrene had a molecular weight Mw = 106 kg/mol with a
polydispersity of Pd = Mw/Mn = 1.03. and poly(vinyl methyl ether had Mw =
33 kg/mol and Pd = 1.15. The blend used in our experiments had a composition φPS =
0.29 (2:5 PS:PVME). The glass transition temperature of the blend is composition
dependent and for a blend with a polystyrene volume fraction φPS ≈0.3, the glass
transition temperature is approximately -20 ◦C (pure PVME: Tg = −40 ◦C, pure PS:
Tg = 100 ◦C). In Fig.[4.2], a schematic drawing is shown of the phase diagram and
the glass transition temperature of the blend as a function of the blend composition.
In the two-phase region (above the LCST) the blend macrophase separates into two
phases with volume fractions φ1 and φ2 (indicated by the arrow) by a mechanism











Figure 4.2: A schematic phase diagram of a mixture of PS and PVME. Below the
lower critical solution temperature (LCST), the PS/PVME blend is miscible. Above
the LCST, phase separation occurs and the blend separates in two phases (φ1 and
φ2). A schematic drawing of the glass transition temperature with volume fraction of




In mixtures of polymers with diﬀerent surface tensions, the low surface tension com-
ponent (PVME) segregates at the interfaces of the polymer ﬁlm9,15. The polymer
with the lower surface energy migrates to the polymer/air and polymer/substrate in-
terface in order to minimize the interfacial free energies5. A blend of PS and PVME
also exhibits this behavior. The degree of surface enrichment scales with the bulk
composition and the molecular weights of the components15, as well as the relative
wettability of the components, blend morphology and the degree of phase separa-
tion2. In the study by Karim et al.9, segregation at the polymer/substrate interface
by PVME is intentionally promoted by etching away the silicon oxide layer, thereby
increasing the surface energy of the silicon substrate. Wetting of a silicon substrate by
PVME is further enhanced by the hygroscopic nature of PVME9. Hydration of the
substrate by moist PVME leads to a symmetric surface segregation where the silicon
surface is homogeneously covered by PVME. Often, PVME is extensively dried and
the silicon oxide layer is etched away in order to remove all traces of water. It is
not exactly known to what extent this eﬀect plays a role at 170 ◦C, the temperature
of our experiments, however, since this is far above the boiling point of water, it is
expected that hydration is of little inﬂuence.
The extent of surface enrichment also depends on the process that initiates phase
separation. A pronounced surface enrichment up to of 93% by weight of PVME
was demonstrated in the surface layer of 1:1 PS/PVME blends2. Molecular weights
of 119.5 kg/mol and 103.6 kg/mol were used for PS and PVME, respectively. The
highest surface concentration was reported for thermally induced phase separation
(93 w-%), as compared to solvent-cast phase separation (82 w-%) and miscible blends
of PS/PVME (74w-%). Solvent-cast phase separation was induced by dip-coating
from a trichloroethylene (TCE) solution, whereas a miscible blend was obtained after
dip-coating from toluene. For a 3:1 PS:PVME bulk composition, that matches our
experimental system, the surface enrichment of PVME was lower, with values of
82, 63 and 52w-%, respectively. In Fig.[4.3], the graphs show the average surface
composition of PVME. For all compositions, an almost pure PVME layer forms at
the polymer/air interface. The average composition scales with the PVME volume
fraction in the bulk and is expected to be even more pronounced for higher PVME
volume fractions than for the symmetrical blend shown here.
4.5 Nature of the Instability
Phase separation in thin blend ﬁlms is accompanied by an increase in surface rough-
ness (ﬁlm thickness ﬂuctuations) for blend compositions other than the critical com-
position, according to studies by Wang et al., Karim et al. and Ermi et al.7,9,20. The
reported accumulation of the minority phase in droplets in the ﬁlm and the subsequent
increase in surface roughness occurred in the absence of so-called surface-directed spin-
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Figure 4.3: Surface enrichment of PVME (99kMw versus 3.1kMw PS) at the poly-
mer/air interface. From a) to c), the PVME weight fraction increases from 5w-% to
20w-% and 50w-%. Solid lines are a guide to the eye. The data points are the integral
values of the composition averaged over the sampling depth. The dotted lines give the
predicted concentration proﬁle2. Reprinted with permission from Q.S. Bhatia, D.H.
Pan, and J.T. Koberstein, Macromolecules 1988, 21, 2166–2175. Copyright 1988,
American Chemical Society.
odal decomposition and could well explain the morphology that was observed in our
experiments (shown in Fig.[4.1]). According to these studies, surface-directed spin-
odal decomposition was suppressed in polystyrene and poly(vinyl methyl ether) blend
ﬁlms with a thickness below 200–1500 nm23, where the limiting thickness depends on
the blend composition. Surface-directed spinodal decomposition, the development of
composition waves normal to the surface, is induced by the preferential surface segre-
gation of one component in a thin blend ﬁlm with a near-critical blend composition.
For ﬁlms thinner than the wavelength of the surface directed waves, surface-directed
spinodal decomposition is suppressed and lateral phase separation occurs instead7.
It should be remarked that the domains of the blend components in an undulating
and phase separating ﬁlm are revealed, for instance, by AFM, but not by optical
microscopy. In this section, the mechanism leading to ﬁlm destabilization is described
at the hand of other studies of blend ﬁlms, for instance those by Morariu12, Karim9
and Wang20. While the suspected mechanism that leads to structure formation is
described in this chapter, it is the aim of this study to focus on the replication of
a conﬁning topography, as it is observed with optical microscopy and atomic force
microscopy.
Using blends of PS (Mw = 32 kg/mol) and PVME (Mw = 52 kg/mol) in various
compositions, Morariu12 studied the wavelength selection of an instability that formed
in thin blend ﬁlms. These instabilities spontaneously developed at temperatures above
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the glass transition temperatures and showed a clear relation with composition and
ﬁlm thickness during the early stages of their development. The temperature was
kept below the critical temperature (LCST) of ≈ 40◦C at which phase separation for
these blends took place.
In the mixed liquid state, below the critical temperature, composition ﬂuctuations
occurred in the bulk as well as at the surface. Similar to the case of van der Waals
induced spontaneous dewetting, a single characteristic wavelength dominated the de-
velopment of the instability. This indicated that the ﬁlm ruptured via a capillary
instability.
Shifting the composition to smaller or larger volume fractions of PVME, relative
to a 50:50 blend composition, resulted in an increase in wavelength λ. This shift was
explained in terms of composition ﬂuctuation arguments. The volume fraction of the
PVME varies from φs at surface to φb in the bulk, an assumption that is supported by
previous studies on PS/PVME blends. As mentioned above, these describe a surface
excess of PVME and a rapid decay of the surface composition of PVME in the ﬁrst
few nm of the ﬁlm.
The composition ﬂuctuations at the surface induced lateral surface tension varia-
tions leading to a Marangoni ﬂow instability. The extent of these variations were
described to depend on the volume fraction of the PVME at the surface and in the
bulk. The wavelength data12 for constant ﬁlm thickness (190 nm) showed wavelengths
of (estimated) 5.8, 5, 5.2, and 6.3µm, where the PVME fraction was increased from
20 to 40, 60 and 80w-%.
It should be noted that the Marangoni eﬀect that led to ﬁlm destabilization in
these experiments is not the same as the process known as Marangoni convection. A
surface tension gradient along a ﬂuid-ﬂuid interface is known to give rise to strong
convective eﬀects6,16. Such gradients may occur in pure liquids when a temperature
inhomogeneity exists in the system. A thermal Marangoni eﬀect generates a surface
ﬂuid motion towards decreasing surface tension, due to the surface tension variation
with temperature16 (Fig.[4.4]). In thin polymer ﬁlms with a high viscosity, however,
convection does not take place. The gradients in interfacial tension that led to a net
mass transport in lateral direction and the related instability described by Morariu
was generated by composition ﬂuctuations. Also in this type of Marangoni instability,
the material ﬂow is directed towards decreasing surface tensions.
The characteristic wavelength of the instability showed a minimum at a 50:50
blend composition. It was argued that the driving force for a 50:50 PS:PVME blend
is larger than for other compositions due to a lower PVME enrichment for those
compositions. However, it is visible in Fig.[4.3] that an increasing enrichment was
measured for increasing bulk PVME weight fractions2. What is striking is that the
surface excess decreased the most for the 50:50 PS:PVME blend and may well account
for the wavelength selection observed by Morariu.
A relation between the wavelength and the ﬁlm thickness was also observed, indi-
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D E
Figure 4.4: Variation of the surface tensions of PS (a) and PVME (b) with tempera-
ture12. Used with permission, courtesy of Mihai D. Morariu.
cating that an interplay between the surface tension and the energy dissipation in the
polymer ﬁlm. For thinner ﬁlms the viscous drag was higher in comparison to thicker
ﬁlms when assuming a nonslip Poiseuille type of ﬂow inside the layer. Smaller wave-
lengths were therefore favored. For thicker ﬁlms, the hydrodynamic drag decreased
resulting in an increasing wavelength of the Marangoni ﬂow induced dewetting insta-
bility.
Figure 4.5: Wavelength vs. ﬁlm thickness for two PS/PVME blends12 with composi-
tions close to the 2:5 PS/PVME blend used for the experiments in this chapter. Used
with permission, courtesy of Mihai D. Morariu.
In an investigation of phase separation in symmetrically segregating thin polymer
blend ﬁlms of thicknesses below 100 nm, Karim et al.9 heated a dPS/PVME blend
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ﬁlm to 130 and 170 ◦C (deuterated PS: 443 kg/mol, PVME: 84 kg/mol in a 3:7 volume
ratio). It was found that ﬁlms less than 250 nm were thin enough to suppress the
development of surface-directed spinodal decomposition waves. Their measurements
conﬁrmed that PVME segregates at the surface, most likely because of the lower
surface tension and higher mobility for PVME (the viscosity for PVME is several
orders of magnitude lower than for of PS8). At a temperature of 170 ◦C, well above
the LCST, the ﬁlm developed micron sized droplets. At 130 ◦C, the ﬁlm remained ﬂat
for a period of at least 120min. The morphology of the destabilizing ﬁlm at 170 ◦C
was described to have the appearance of a pattern obtained from a blend undergoing
spinodal decomposition in the bulk. The undulations of the ﬁlm surface were caused
by variations of the interfacial tension in the plane of the ﬁlm arising from phase
separation. From the experimental observations and a positive spreading coeﬃcient,
they concluded that dPS is encapsulated in the phase separated ﬁlm by PVME (see
also Fig.[4.6]). The spreading coeﬃcient S is deﬁned as S = γb,s − γa,s − γp > 0,
where γa,s and γb,s are the pure component surface tensions (PS: 30 dyn/cm, PVME:
21 dyn/cm), and γp (≈ 1 dyn/cm) is the polymer/polymer interfacial tension.
The phase evolution in thin ﬁlms is complex, as it shows an interplay between
(de)wetting, wetting, phase separation and capillary instabilities related to compo-
sition ﬂuctuations. Wang et al.20 described the evolution of a 495 nm thick dP-
MMA/SAN (deuterated poly(methyl methacrylate) and poly(styrene-ran-acrylonitrile))
blend ﬁlm by 3 stages, namely 1) trilayer structuring (symmetric surface enrichment),
2) interphase coarsening and redistribution of material and 3) surface (de)wetting and
roughening. The term surface roughening refers to the process that bears resemblance
to dewetting and is often used to avoid confusion with a pure dewetting mechanism.
It is interesting to note that in Fig.[4.1], a thin PVME layer remained on the silicon
substrate while the rest of the ﬁlm retracted into droplets by a dewetting mechanism.
At the time dewetting of the polymer blend ﬁlm occurred, PVME covered the sub-
strate. PVME is the low viscosity component that acted as the liquid substrate4,11,14
and reduced the time scale of the process that led to the retraction of the polymer
blend ﬁlm.
In the early stage of ﬁlm destabilization, as presented by Wang et al., the lower
surface tension component segregates to the interfaces. The intermediate layer (called
the bulk phase) initially has a homogeneous composition. During phase separation
of the intermediate layer, a pressure gradient along the ﬁlm plane is produced due
to composition variations. The wetting component (in their case dPMMA, in our
case PVME) ﬂows from this layer towards the surface and causes the perforation of
the intermediate layer. Capillary ﬂuctuations start to develop in the ﬁlm that lead
to a further redistribution of polymer material. Once the amplitude of the capillary
ﬂuctuations is equal to the thickness of the intermediate ﬁlm, the ﬁlm ruptures and
all the material is accumulated into large and isolated droplets. We have observed
that the surface segregated PVME layer allows the droplets to merge via an Ostwald-
9
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ripening mechanism, as shown in Fig.[4.1]. Once the PVME ﬁlm has withdrawn from
the silicon substrate (in f), a ﬁnal morphology is observed that resembles the patterns















Figure 4.6: Schematic drawings (a,b) and optical microscopy images (c,d) showing
the onset of the ﬁlm instabilities of a 110 nm thick PS/PVME ﬁlm that was heated
to 170 ◦C for 60 s.
Fig.[4.6] shows the morphology of a PS/PVME blend ﬁlm upon heating for 60
seconds at 170 ◦C. At room temperature, after spin-coating of the ﬁlm, the ﬁlm is ﬂat
and the components are miscible. Upon heating to a temperature in the two phase
region (above the LCST), the ﬁlm macrophase separates (b). The schematic drawing
of the ﬁlm morphology in b) is based on the mechanism of ﬁlm destabilization by
Kamir and Wang. The wetting component, PVME, has encapsulated PS that has a
higher surface tension. Part of the ﬁlm was covered by a second silicon wafer that
was mounted on top with the highly polished side facing down. In c), the distance
between the two silicon wafers d was 308 nm. In d), the morphology of the ﬁlm with
a free polymer/air interface is shown. The undulatory character of the structures is
due to a spontaneous surface instability in both cases (conﬁned and unconﬁned). The
larger amplitude and wavelength of the surface undulation in c) indicates an earlier
onset of the instability, as compared to part d), presumably due to diﬀering initial
heating rates when placing the sample in the oven. When the sample was put into
the oven, both conﬁning plates were brought into contact with metal pieces that were
preheated to 170 ◦C, whereas the unconﬁned ﬁlm was brought into good thermal
contact only on the substrate side.
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Also of inﬂuence is the van der Waals disjoining pressure that is slightly increased
by the conﬁnement. It is expected that with increasing conﬁnement, the change in
disjoining pressure increases. For our sample geometry for Fig.[4.6], d  3h, the
change in disjoining pressure is estimated at a few percent and therefore does not
signiﬁcantly aﬀect the rupture time and the instability wavelength.
The schematic drawing in b) assumes that ﬁlm destabilization of our experiments
corresponds to the mechanism described by Wang et al. and Karim et al. The
ﬁlm thickness, the polymers, the ratio in the molecular weights of PS and PVME
and the annealing temperature in our study were most comparable to those used by
Karim et al. It is therefore assumed that our polymer blend ﬁlms destabilized by
phase separation in the absence of surface-directed spinodal decomposition, resulting
in an increased surface roughness. These ﬁlm thickness ﬂuctuations are assumed to
originate from variations in the interfacial tension in the plane of the ﬁlm arising from
phase separation. In the following part of the chapter, ﬁlm destabilization and surface
roughening is used to reproduce micron-sized patterns.
4.6 Experimental
Our experimental system consisted of polymer ﬁlms conﬁned between two silicon
plates. In Fig.[4.6], the upper plate is ﬂat, but also top plates with design topographic
patterns were used. The polymer ﬁlms were spin-cast from a mixture (2:5 by weight)
of polystyrene (PS; molecular weight, Mw = 106 kg/mol, Pd = 1.03 and poly(vinyl
methyl ether) (PVME; Mw = 33 kg/mol, Pd = 1.15) in toluene (2–5% by weight)
onto silicon wafers, resulting in ﬁlm thicknesses ranging from 60 to 300 nm. Prior to
ﬁlm deposition, all surfaces were cleaned in a jet of CO2 expanded through a small
nozzle (snow-jet). Dewetting was initiated by annealing the ﬁlm in an oven at 170 ◦C
for times ranging from 1min up to 1 h. The ﬁlms were analyzed by optical microscopy
(Olympus BX60) and atomic force microscopy (AFM, Veeco Dimension 3100) after
quenching the samples to room temperature and removing the conﬁning surface.
The conﬁning (top) surfaces were covered with a self-assembled alkane monolayer
of octadecyltrichlorosilane (OTS) by a process called silanization (Chapter 3). These
molecules with apolar tails formed a dense brush that was covalently bonded to the
silicon substrate. A low-energy (apolar) conﬁning surface was obtained that provided
a non-wetting polymer/surface system. Polymer structures that make contact with
this surface have a high contact angle and do not spread.
4.7 Pattern Formation by Conﬁned Dewetting
The schematic drawing in Fig.[4.7] shows the experimental setup. While in a) and
b), the conﬁning wafer is ﬂat, in c-f), a topographically structured silicon wafer was
used. The template pattern consists of 200µm×200µm patches with lines, square and
hexagonally shaped pillars, and grid patterns with square and hexagonally shaped
11
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holes. Our experimental observations are subdevided in 3 regimes that are indicated
by Fig.[4.7]c), d) and e).
For a ﬂat conﬁning surface, the initial spontaneous capillary instability in Fig.[4.7]a)
leads to the formation of capillary bridges in b) by the above described mechanism.
In c-f), in the presence of the laterally varying conﬁnement (from d′ to d), the liquid
morphologies are organized by the ratio of the plate spacing d′ and the initial ﬁlm
thickness h. In Fig.[4.7]c), for d′ < h, the template is pressed into the polymer ﬁlm.
The pattern assumed by the ﬁlm is the inverse of the template topography and is
called a negative replica. The technique is often called hot embossing, or when rub-
ber templates are used, micro-moulding. In d), for d′  h, the ﬁlm destabilizes and
is accumulated into droplets. If these droplets reach the top surface, they reproduce
the conﬁning topography. In Fig.[4.7]e), the template is perfectly reproduced by the
individual structures (positive replicae). In f), the individual structures in e) have










Figure 4.7: Schematic representation of the sample setup and the liquid morphologies
in a conﬁned geometry.
Film destabilization leads to the formation of droplets when the plates are sepa-
12
Chapter 4
rated at a large distance (d′  h). In the late stages of structure formation, droplets
with a diameter of tens of microns have formed with a height of 1.4µm (multiple
interference fringes). Once all the polymer material is accumulated in the droplets,
the droplets contract, driven by the surface tension that minimizes the interactions
between the polymer and the silicon surface. In Fig.[4.8] several examples are shown
that formed in a 272 nm PS/PVME blend ﬁlm that was annealed for 30min (h/d ≈ 5).
In a), a droplet had formed underneath a ﬂat portion of the conﬁning surface. Con-
traction of the droplet led to forced spreading along the top surface, hence its ﬂat and
featureless appearance. From b) to e), the template topography consisted of lines (b),
square (c) pillars, hexagonal pillars (d) and a grid pattern with hexagonally shaped
holes (e). Before or during contraction of the droplets, the top of the droplets made
contact with the template surface. Further contraction caused a partial ﬁlling of the
features of the template structure, leading to negative replica of the template. The
amount of ﬁlling of the conﬁning pattern depends on the surface energy of the top
wafer. Because an apolar conﬁning surface was used, the pattern was only partially






Figure 4.8: Film destabilization in a wide slit allows the formation of micron sized
droplets. Here, droplets with a height of 1.4µm and a diameter of ≈ 25µm formed
underneath a patterned surface. In the ﬁnal stages of droplet formation, the droplet
contracts in order to assume the contact angle deﬁned by Young’s Law. If before
or during this contraction the droplets reaches the top surface, polymer material
partially ﬁlled the features of the patterned surface.
Reducing the plate spacing further conﬁnes destabilization of the ﬁlm. The ﬁlm
13
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is unable to break-up into large droplets, as in Fig.[4.8], and make contact to the
conﬁning top plate by capillary bridges in an earlier stage of ﬁlm destabilization. In
an extreme case, the plate spacing is smaller than the ﬁlm thickness. This regime
of pattern formation is called hot embossing and leads to a negative reproduction
of the template surface (Fig.[4.9]c)). In a) and b), a schematic drawing and optical
microscopy image of the master structure are superimposed on the optical micrograph
of the sample surface. The master structure consists of 24 protruding lines and 25
grooves where d− d′ ≈ 450 nm. In c), 25 lines with a width and spacing of 2µm had
formed by hot embossing in an ≈100 nm ﬁlm that was annealed for 1 h.
In the intermediate regime, for 1 < d′/h  x, the protruding surface area is













where length  represents the surface area in a 2D schematic drawing.
An example of this regime is given in Fig.[4.9]f). Rather than ﬁlling the 25 grooves of
the conﬁning surface (Fig.[4.9]c)), the 24 protruding lines were replicated by a 85 nm
ﬁlm that was annealed for 29min. Pinning of the ﬁlm thickness undulations to the
protruding lines led to the formation of isolated capillary bridges that replicated the
template pattern. The absence of an interconnecting layer and a reduction in mobility
of the structures because of the pinning to the line grid prevented further destabiliza-
tion of the pattern. Lateral coarsening, via a process that resembles Ostwald ripening,
was for this morphology not possible. The capillary bridges span from the substrate
to the conﬁning surface over a distance of 120 nm (d′/h ≈ 1.4, S = 0.5, x = 2). In the
non-patterned areas, the polymer has coalesced into wide plugs (corresponding to the
schematic drawing in Fig.[4.7]b)).
The diﬀerence between this mechanism and embossing can clearly be seen by
comparing Fig.[4.9]c) and Fig.[4.9]f). In both cases, the same conﬁning surface was
used, resulting in 25 lines in Fig.[4.9]c) (i.e., a negative replica of the conﬁning pattern)
versus 24 lines in Fig.[4.9]f) (positive replica).
Another example is shown in Fig.[4.10] where a grid pattern with hexagonally
shaped holes (c) was replicated into a 63 nm ﬁlm (t =1h, d′=225 nm, d′/h=3.6,
1/S = 1.5). An atomic force microscopy (AFM) image of the polymer morphology is
shown in b). Insuﬃcient polymer material was available to reproduce the template
topography accurately. This is indicated by mismatch in the plate spacing to ﬁlm










Figure 4.9: Pattern replication by conﬁning a capillary instability. Two replication
modes that are possible with our experimental set-up are shown in a-c) and d-f). For
d′ < h, the template is pushed into the polymer ﬁlm (a-c). The polymer ﬁlm is forced
into the template and produces a negative replica of the template. This process is
known as hot embossing. In d-f), for d′ > h, a positive replica is obtained. During
ﬁlm destabilization, the thickness ﬂuctuations are pinned to the protruding template
structure. Rendering the top surface apolar suppresses a lateral coarsening of the
structure. Within the time frame of the experiment, f) corresponds to a metastable
state of the replicated pattern.
spacing is larger by almost a factor 2 and the ﬁlm was thinner. Contact with the
top plate was made in a later stage of ﬁlm destabilization. As a result, the polymer
droplets that made contact to the top surface are expected to be larger as a result of
lateral coarsening. This should lead to isolated patches that replicated the top surface.
On the contrary, a rather precise reproduction is obtained (b), albeit on a smaller
surface area. The completion of pattern replication here reveals the importance of
lateral coarsening and wetting along a laterally continuous template surface. This
is enhanced by the PVME layer that wets the silicon substrate during the initial to
intermediate stages of ﬁlm destabilization.
A more extreme case of lateral coarsening is shown in Fig.[4.11]. The destabiliza-
tion of the ﬁlm has developed several large polymer structures. A single ﬂattened
droplet had formed at the expense of nearby smaller droplets. Underneath a struc-
tured part of the conﬁning surface, a similar structure had developed. The ﬁlm clearly
assumed a shape with an inverse topography. The topography consisted of hexagonal
pillars that are spaced apart ≈ 1.6µm (shown in the inset). The initial ﬁlm thick-
ness was 103 nm, the plate spacing was 440 nm (d′/h = 4.3) and the annealing time
was 8min. Insuﬃcient material was available to reproduce the template topography
accurately. While the experimental circumstances indicate a mismatch in d′/h and
1/S (=3), similar to Fig.[4.10], and Fig.[4.8], a partial negative replica has developed,
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Figure 4.10: Pattern replication of a silicon matrix with hexagonally shaped holes.
The imperfect replication of the hexagonal pattern of holes that developed in a 63 nm
ﬁlm is shown in a). The plate spacing is 225 nm (d/h =3.6) and the ﬁlm was annealed
at 170 ◦C for 1 h. In b) and c), respectively, the AFM scans of the polymer ﬁlm and
the master are shown.
instead of isolated droplets or a partial positive replica. Lateral coarsening, wetting
of the ﬂat regions of the top surface, and ﬁlling of the template topography indicate
a high surface energy of the conﬁning surface. The ﬁlling of the high surface energy
template topography is known as capillary ﬁlling and is a well-known alternative
structure replication technique19,21. The reason for the higher surface energy in our
experiments is the degradation of the self-assembled monolayer. Multiple cleaning
procedures of the silicon master that was covered with an OTS monolayer leads to
deterioration of the monolayer, resulting in a higher surface energy.
The apolar nature of the conﬁning surface (as in Fig.[4.10]) is thus essential to
obtain a positive replication of the patterned surface. Highly apolar surfaces are
typically not wetted by any liquid because the wetting of the surface by the liquid does
not reduce its eﬀective surface energy. Rough (or corrugated) apolar surfaces repel
any type of surface coverage to an even larger extent. Such low-energy corrugated
surfaces are often called super-hydrophobic and are one of the approaches to self-
cleaning surfaces, as described in Chapter 3. Following the topography of a patterned
or rough surface is energetically unfavorable and the lowest free-energy shape that
a liquid can assume is a droplet with a contact angle near 180 ◦ 3. If, on the other
hand, the surface has a high interfacial free energy, roughness promotes wetting, and
16
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Figure 4.11: Capillary ﬁlling of the patterned top surface resulted in a negative replica
of the template topography. The initial ﬁlm thickness, the plate spacing and the
annealing time are 103 nm, 440 nm and 8min, respectively. The inset shows an AFM
image of the conﬁning surface.
the liquid preferentially ﬁlls any corrugation or surface pattern, as is the case for
Fig.[4.11].
When the majority of the conﬁning surface is rendered apolar, but imperfections
in the grafting density exist, an initially positive replica reduces its overall surface
energy by contracting and ﬁlling of the master structure. Fig.[4.12] shows a positive
replica of a silicon matrix with hexagonal holes in a) and the positive line replica that
was previously shown in Fig.[4.9]d)–f). In the latter case, d′/h and 1/S are appro-
ximately equal, with slightly more material than necessary to perfectly replicate the
template. Most of the line pattern was faithfully replicated within 29min. The abun-
dance in material led to incidental capillary ﬁlling of the master, as indicated by the
arrows, but a large scale ﬁlling transition remained absent. In a), a ﬁlm morphology
consisting of fragmented replication patches, developed in a 110 nm ﬁlm at a plate
spacing d′=275 nm (d′/h=2.5, 1/S=1.5) within 12min of annealing at 170 ◦C. Unlike
17






Figure 4.12: (a) Imperfect replication of a hexagonal pattern of holes (d = 275nm,
d/h =2.5, h = 110 nm, t = 12min). In some of the smaller replicated areas, the
polymer has ﬁlled the hole pattern (marked by arrows), which still persists on the
remaining parts of the sample. (b) Overﬁlling of the pattern in another region of the
replica shown in Fig.[4.9] reveals the formation of a plug between the lines.
Fig.[4.10], where a single patch replicated the master topography in 1 h (h = 63nm,
d′=225 nm, d′/h=3.6), here, multiple isolated patches had formed. The formation of a
single patch or multiple patches is aﬀected by several circumstances. 1) The thickness
undulations that lead to ﬁlm rupture have a range of wavelengths (see Fig.[4.6]c)).
This range increases when lateral coarsening sets in. Bridges formed by pinning of
relatively nearby undulations form a single replication patch by wetting of the tem-
plate. A laterally (bi)continuous template allows wetting in all directions and thus
the completion of the pattern replication process. For isolated template structures,
a ﬁlling transition is more likely to occur as the material is unable to spread in all
directions. 2) the process in 1) is vulnerable to imperfections in the apolar mono-
layer. An apolar liquid is unable to reduce its surface energy by spreading along a low
energy surface. A homogeneous and dense monolayer suppresses a ﬁlling transition
and thereby promotes the formation of large replication areas. For imperfect mono-
layers, the capillary ﬁlling prevents the formation of larger replication patches. 3)
Coarsening to form a single patch is also a matter of time. This is, however, only pos-
sible as long as the PVME wetting layer is intact. The existence of multiple patches
in Fig.[4.12] is likely caused by a combination of the above mentioned circumstances.
If spreading is halted by capillary ﬁlling or the rupturing of the PVME wetting layer,
the patches are unable to coarsen. As multiple smaller structures are energetically
less favorable than a single larger structure, these smaller replication patches show a




Film destabilization of PS/PVME blend is likely to proceed by a complex combination
of instabilities. In the initial stage, a PS/PVME blend segregates to the air surface
and to the substrate/polymer interface. The blend ﬁlms were heated to a temperature
above the lower critical solution temperature and the blend was well into the two phase
region. We observed that the polymer blend ﬁlms destabilized by undulations at the
polymer/air interface. These undulations are assumed to originate from variations
in the interfacial tension in the plane of the ﬁlm, arising from phase separation.
The interfacial tension gradients in the blend ﬁlms led to the accumulation of the
minority blend component, polystyrene, in droplets within the ﬁlm, resulting in an
increase in surface roughness. In a conﬁned geometry with a patterned top surface,
surface roughening in PS/PVME blend ﬁlms led to the reproduction of the patterned
surface. Surface roughening by spontaneous or nucleated dewetting in unstable or
metastable homopolymer ﬁlms, respectively, is expected to result in a similar pattern
replication process.
Film destabilization in a patterned conﬁnement shows a rich variation of repli-
cation mechanisms. While the well-known embossing and capillary ﬁlling techniques
result in a negative replica of a surface pattern, a novel phenomenon is observed for a
conﬁnement with d ≥ h. In this case, metastable liquid morphologies are formed by
the interplay of dewetting and capillary bridging. The lateral formation of the capil-
lary bridges can be controlled and directed using a patterned conﬁning surface. This,
combined with the pinning of a large number of contact lines, leads to a long-lived,
metastable positive replica of the conﬁning surface.
Interestingly, a single experimental system consisting of a polymer ﬁlm and a
topographically patterned plate can be used in three diﬀerent ways in a replication
technique: (1) embossing, (2) capillary ﬁlling, and (3) capillary bridging, with (1)
and (2) resulting in negative replica and (3) resulting in a positive replication process.
The combination of these three techniques exhibits a versatility not normally found
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